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Measurements of Leakage from Lake Michigan 
through Three Control Structures near Chicago, Illinois, 
April-October 1993

ByK.A. Oberg and A.R. Schmidt

Abstract

Acoustic Doppler current profilers 
(ADCP's) and dye-dilution techniques were used 
to make 221 measurements of leakage at three 
control structures near Chicago, 111. The three 
control structures are the Chicago River Control 
ling Works (CRCW), Thomas J. O'Brien Lock 
and Dam (O'Brien), and Wilmette Pumping 
Station (Wilmette). The CRCW consists of the 
Chicago Lock and two sets of sluice gates con 
nected by a network of harbor walls. Lake 
Michigan water leaks through harbor walls, lock 
gates, and sluice gates at each of these control 
structures. The diversion of Lake Michigan 
water is regulated by U.S. Supreme Court decree, 
and the water leaking through each of these struc 
tures forms part of the diversion of Lake 
Michigan water by the State of Illinois.

Leakage measurements were made in 
April, May, July, September, and October 1993 
by means of an ADCP. Dye-dilution measure 
ments of leakage were made at the Chicago Lock 
in July 1993 to evaluate the discharges measured 
using the ADCP. The mean leakage measured 
by the ADCP for the Chicago Lock river gate was 
133 ft /s (cubic feet per second); the standard 
deviation of the leakage measurements was 
3 8 ft3/s. The mean and standard deviation of the 
leakage measurements at CRCW were 192 and

o
73 ft /s, respectively. River-gate leakage 
accounted for more than half of the total leakage 
measured at CRCW. The mean and standard

deviation of leakage measurements at O'Brien 
on September 17, 1993, were 21 and 10 ft3/s, 
respectively. The mean leakage measured at 
Wilmette using the ADCP was 59 ft3/s in April 
1993; the standard deviation of the leakage mea 
surements was 8 ft /s. After the pump bays at 
Wilmette were sealed in July 1993, the leakage 
decreased to less than 15 ft3/s in September 1993.

Leakage through the river gate at the 
Chicago Lock was estimated by dye dilution on 
July 15, 1993. The discharge estimated by dye 
dilution was 160 ft3/s; the standard deviation of

o
the measurement was estimated to be 23 ft /s. 
The discharge estimated by dye dilution was 
within 12 ft3/s, or 8 percent of the ADCP- 
measured discharge. Sensitivity analyses indi 
cate that, for the leakages being measured, dis 
charges are insensitive to the changes in the 
exponent of the power law for velocity distribu 
tion used to estimate the unmeasured flow near 
the channel bottom.

INTRODUCTION

Water has been diverted from Lake Michigan at 
Chicago into the Mississippi River Basin since the 
completion of the Illinois and Michigan Canal in 1848. 
At that time, the mean annual discharge of the diver-

O

sion was about 500 ft /s. After construction of the 
Chicago Sanitary and Ship Canal (CSSC) was com 
pleted on January 17, 1900, the flow of the Chicago 
River was reversed and allowed to discharge into the 
Des Plaines and Illinois Rivers (Naujoks, 1946). On
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December 5,1901, the Secretary of War granted the 
State of Illinois a permit allowing a diversion of 
4,167 ft3/s through the CSSC. In October 1913, the 
United States filed a bill before the U.S. Supreme 
Court enjoining the State of Illinois from diverting 
more than 4,167 fr/s. In the ensuing years, however, 
the actual diversion increased, reaching a maximum of 
about 10,000 ft3/s. In 1930, the U.S. Supreme Court 
entered a decree against the State of Illinois requiring 
that the diversion be reduced from a permitted 
8,500 ft3/s to 5,000 ft3/s plus domestic pumpage by 
December 31,1935, and 1,500 ft3/s plus domestic 
pumpage by December 31,1938 (Naujoks, 1946). 
The most recent U.S. Supreme Court decree 
(December 1,1980) limits the diversion to a 40-year 
average of 3,200 ft3/s. In addition, during the first 39 
years, the cumulative algebraic sum of the average 
annual diversions minus 3,200 ft3/s cannot exceed 
2,000 ft3/s.

The U.S. Army Corps of Engineers, Chicago 
District (Corps) has been charged with accounting for 
the amount of Lake Michigan water diverted each year 
by the State of Illinois. The acoustic velocity meter 
(AVM) on the CSSC at Romeoville, HI. (fig. 1), is a 
key part of the Lake Michigan diversion-accounting 
procedure. Approximately 95 percent of the total 
diversion (including leakage) is measured at the 
Romeoville AVM. The U.S. Geological Survey 
(USGS) operates and maintains the AVM by agree 
ment with the Corps. Prior to the installation of the 
AVM in 1984, the Lake Michigan diversion was mea 
sured at the Lockport Powerhouse at Lockport, 111. 
Discharges were estimated by the Metropolitan Water 
Reclamation District of Greater Chicago (MWRD) 
using ratings for powerhouse turbines, powerhouse 
sluice gates, number of lockages, and controlling 
works sluice gates (located about 1 mi upstream from 
the powerhouse).

The Lake Michigan diversion consists of three 
components: direct diversion through three lakefront 
control structures, domestic pumpage from Lake 
Michigan for water supply and not returned to Lake 
Michigan, and stormwater runoff from the Lake 
Michigan watershed diverted from the lake. The 
direct diversion consists of four components: lock 
age, discretionary flow, navigation makeup flow, and 
leakage. Lockage is the amount of water used to 
lock vessels to and from Lake Michigan. Discre 
tionary flows are used primarily for water-quality 
improvement in the Chicago River and CSSC.

Occasionally, the water level in the Chicago River and 
CSSC is lowered in anticipation of a storm by increas 
ing the discharge through the Lockport Powerhouse 
and Controlling Works. After the storm has passed, 
the sluice gates may be used to raise the water level in 
the Chicago River and CSSC. This component of the 
Lake Michigan diversion is referred to as navigation 
makeup. Leakage is that amount of water that leaks 
through or around the three control structures in an 
uncontrolled manner. The measurements described 
in this report were made to quantify this latter compo 
nent of the diversion.

Recently, the Corps found that the State of 
Illinois has exceeded the 3,200 ft /s limit for each of 
the 1986-89 water years (U.S. Army Corps of Engi 
neers, 1993, p. 18). (A water year is the 12-month 
period, October 1 to September 30, and is designated 
by the calendar year in which it ends.) In addition, 
at the end of the 1989 water year, the cumulative 
algebraic sum of the average annual diversions minus 
3,200 ft3/s was 2,189 ftVs. As a part of the account 
ing scheme, the Corps computes water budgets at vari 
ous points in the diversion system using measured and 
simulated streamflow data. A rainfall-runoff model 
is used to estimate unmeasured diversion flows. The 
water budgets are used as an indication of the accuracy 
of diversion accounting and also indicate unmeasured 
or unsimulated flows. The average imbalance for 
water years 1986-89 was 454 ftVs. The Corps con 
cluded that the annual budget imbalances were pri 
marily a result of leakage through the lakefront control 
structures (U.S. Army Corps of Engineers, 1993, 
p. 18).

The water-surface elevation (stage) of Lake 
Michigan at each of the three control structures is 
normally higher than the stage of the Chicago and 
Calumet Rivers. The stage difference varies 
throughout the year, but it is usually largest in July 
when Lake Michigan is highest, and smallest in 
February, when Lake Michigan is lowest. Because 
of the stage difference at each of the lakefront control 
structures, a potential for leakage of water from Lake 
Michigan into the CSSC exists. The potential for 
leakage is greatest at the Chicago River Controlling 
Works (CRCW), which consist of the Chicago Lock 
and two sets of sluice gates at the mouth of the 
Chicago River. In the past, leakage through the lock 
gates at the Chicago Lock has been significant, pri 
marily because of inadequate or missing gate seals. 
More recently, the gates have not been closing
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properly. The southeast (lake side) gate has been in 
especially poor condition. The opening between the 
two east gates, when closed as far as possible, has 
been as much as 24 in. The west gates (river side) 
were more water-tight than the east gates. The river 
gates normally control the amount of leakage because 
they are normally kept closed, except when opened to 
lower the water level in the lock chamber and when 
ships must pass through. Leakage at Thomas J. 
O'Brien Lock and Dam (O'Brien) and Wilmette Pump 
ing Station (Wilmette) had been observed but was esti 
mated to be less than that at CRCW.

Because of the apparent increase in leakage at 
the CRCW and water-budget imbalances, the USGS, 
in cooperation with the Corps, completed a set of leak 
age measurements at the lakefront control structures. 
Although 95 percent of the total diversion is measured 
at the Romeoville AVM, it was not possible to deter 
mine how much of the diversion was from leakage 
through the lakefront control structures. In April 
1993, the USGS, in cooperation with the Corps, began 
a study to determine whether or not accurate measure 
ments of leakage could be made and, if so, to make 
leakage measurements for a range of lake and river 
stages at each structure.

Purpose and Scope

The purpose of this report is to document the 
methods used to measure leakage through the CRCW, 
O'Brien, and Wilmette control structures and the 
results of measurement analysis. These three struc 
tures control the flow of water from Lake Michigan 
into the Chicago and Calumet Rivers.

This report presents results from leakage mea 
surements made using two methods: use of an 
acoustic Doppler current profiler (ADCP) and dye 
dilution. Leakage measurements were made at each 
of the control structures from April to October 1993. 
Dye-dilution measurements were made in the Chicago 
Lock during May and July 1993 to verify the results of 
the ADCP measurements. A description of the three 
control structures and the measuring locations is pro 
vided along with the methods used to measure leak 
age. The accuracy of the leakage measurements also 
is evaluated, and the results of the two measurement 
methods are compared. The report also includes 
suggestions for future leakage measurements.

Previous Work

The Corps made discharge measurements near 
each of the three control structures during July 23-27, 
1990. Results of these measurements are summa 
rized in a report by the Corps (U.S. Army Corps of 
Engineers, 1990). The sluice gates at each control 
structure were open when the measurements were 
made; therefore, the discharges measured by the Corps 
included both sluice-gate flow and leakage. Mea 
surements were made from bridges near each structure 
using conventional methods (a Price AA meter with 
cable suspension) (Rantz and others, 1982). The 
average discharge measured by the Corps was 
830 ft3/s at CRCW, 709 ft3/s at O'Brien, and 225 ft3/s 
at Wilmette. The Corps concluded that the July 1990 
measurements may be inaccurate because point veloc 
ity measurements were occasionally less than 0.10 ft/s 
and it was difficult to detect the direction of flow. No 
other measurements of leakage at or near the control 
structures using conventional, ADCP, or dye-dilution 
methods have been documented.

Gordon (1989) and Simpson and Oltmann 
(1993) describe the use of ADCP's to measure stream- 
flow. It is believed, however, that the measurements 
described in this report represent the first attempt at 
using an ADCP to measure leakage through a control 
structure.
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DESCRIPTION OF CONTROL 
STRUCTURES

Leakage measurements were made near three 
different control structures: the CRCW (which 
includes the Chicago Lock), O'Brien, and Wilmette. 
A description of each of these structures is given 
below.

Chicago River Controlling Works

The CRCW consists of the Chicago Lock and 
two sets of sluice gates located in the harbor walls sur 
rounding Chicago Harbor. The CRCW and Chicago 
Harbor are located just south of Navy Pier, close to the 
original mouth of the Chicago River (fig. 2).

The CRCW was built in 1938 as a part of the 
construction of the Chicago Sanitary and Ship Canal 
and the diversion of the Chicago River. The harbor 
walls were constructed of rock-filled timber cribs and, 
in places, the walls have metal sheet piling on one or 
both sides of the wall. During 1987, the tops of most 
harbor walls were raised and capped with concrete to 
reduce overtopping by waves in Lake Michigan. As 
a result of the original construction technique, the 
walls are porous. Figure 3 shows leakage through 
the harbor wall on the northeast side of CRCW

The Chicago Lock is located at the far eastern 
end of the harbor walls, about 1,800 ft east from the 
Lake Shore Drive bridge (fig. 2). The lock (fig. 4) is 
600 ft long and 80 ft wide and also was constructed 
using rock-filled timber cribs with sheet piling and a 
concrete facade extending below the water line. Tri 
angle gates, located at either end of the lock, are used 
to seal the lock chamber. Water levels in the lock 
chamber are raised or lowered by gradually opening 
the triangle gates. The Corps is responsible for the 
operation and maintenance of the Chicago Lock.

Two sets of sluice gates were constructed in the 
harbor wall: one located near the lock and another 
on the south harbor wall (fig. 2). A transverse sec 
tion of a typical sluice gate at CRCW is shown in 
figure 5. The elevation of the concrete sill at the base 
of both sets of sluice gates is -16.0 ft Chicago City 
Datum (562.48 ft above sea level). Each sluice gate 
at CRCW is 10.5 ft wide and 10.5 ft high. During the 
summer, the sluice gates along the south harbor wall 
are opened to allow Lake Michigan water to flow into 
the Chicago River and down the CSSC to improve 
water quality in the CSSC. The sluice gates near the 
lock are used only for flushing ice down the Chicago 
River, for flow reversals, and when the south gates are 
inoperable. During storms, when the water-surface 
elevation of the Chicago River exceeds the elevation 
of Lake Michigan, both sluice gates may be opened to 
allow flow from the Chicago River to discharge into 
Lake Michigan. However, the sluice gates are used 
only infrequently for this purpose. The MWRD is 
responsible for the operation and maintenance of the 
sluice gates.

Thomas J. O'Brien Lock and Dam

O'Brien is located at river mile 326.5 (miles 
above the mouth of the Illinois River) on the Calumet 
River (fig. 6), about 7 river miles south from Lake 
Michigan near Burnham, 111. A plan view of O'Brien 
is shown in figure 7. O'Brien was constructed by the 
Corps in 1959 with techniques similar to those used at 
CRCW. The lock at O'Brien is 110 ft wide and 1,200 
ft long and provides access from Lake Michigan to the 
Calumet Sag Channel, the CSSC, and the Illinois 
River. Streamflow is regulated at the dam by use of 
combinations of the four sluice gates. The sluice 
gates at O'Brien are 10 ft wide and 10 ft tall and are 
constructed similar to those at CRCW (fig. 5). The 
concrete sill of the sluice gates has an elevation of 
-13.00 ft Chicago City Datum. The sluice gates at 
O'Brien also have the same dual purpose as at CRCW 
They are used during the summer to divert water to 
improve the water quality in the Calumet Sag Channel 
and the CSSC. The sluice gates are opened during 
periods of high runoff to allow water to flow toward 
Lake Michigan in order to minimize flood-water 
damage along the Calumet Sag Channel and its tribu 
taries. The Corps of Engineers, Rock Island District, 
is responsible for the operation of the lock and darn.

Description of Control Structures
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Figure 3. Leakage through southeast harbor wall at Chicago River Controlling Works, view looking east, 
July 10,1993.
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Figure 4. Chicago Lock, Chicago, III., looking east to west, September 1993.
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(Modified from U.S. Army Corps of Engineers 
Charts of the Illinois Waterway, Chart 76)
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Figure 7. Thomas J. O'Brien Lock and Dam, Burnham, III.
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The MWRD, however, has the responsibility for deter 
mining the settings for the sluice gates at O'Brien.

Wilmette Pumping Station

In 1910, the 8-mi-long North Shore Channel 
was constructed and connected to the CSSC (fig. 1) to 
carry wastewater away from north shore communities 
near Chicago and to provide additional Lake Michigan 
water for dilution of the wastewater. MWRD also 
constructed a pumping station and a small lock in 
1910 where the North Shore Channel intersects Lake 
Michigan (fig. 8). At the time of construction and 
until the completion of CRCW in the late 1930's, the 
water level in the North Shore Channel was higher 
than Lake Michigan. The pumping station, located 
under the Sheridan Road bridge, was used to pump 
Lake Michigan water into the North Shore Channel in 
order to create enough head to convey wastewater 
down the Chicago River and the CSSC. The pumps 
at the pumping station were not used after the comple 
tion of the part of the Deep Tunnel project under the 
Chicago River (Robison, 1986). In July 1993, 
MWRD removed the pumps and sealed the pump bays 
to reduce leakage.

During the 1970's, MWRD removed the lock 
gates at Wilmette and installed a sluice gate at the 
downstream end of the lock (fig. 9). The Wilmette 
sluice gate is structurally somewhat different from the 
sluice gates at CRCW and O'Brien, but functions 
similarly. As at O'Brien and CRCW, the sluice gate 
is raised during the summer to improve water quality 
in the North Shore Channel and the CSSC. During 
periods of extremely high flow, water will sometimes 
overtop the lock gate at Wilmette and flow into Lake 
Michigan. The MWRD is responsible for the opera 
tion and maintenance of Wilmette.

MEASUREMENT METHODS

As previously mentioned, the Corps measured 
discharge downstream from each of the three control 
structures in July 1990. The discharges measured by 
the Corps were 352 ft/s greater than flows computed 
from MWRD sluice-gate ratings for the same period 
(U.S. Army Corps of Engineers, 1990, p. 25). On the 
basis of these measurements and other information 
available to the Corps, the leakage at CRCW was esti 
mated to be between 200 and 400 ft3/s. It is likely

that the amount of leakage at CRCW and other control 
structures varies with the stage difference between 
Lake Michigan and the Chicago River. If the leakage 
at CRCW is assumed to be 200 ft3/s and the cross- 
sectional-flow area of the Chicago River at Lake 
Shore Drive is approximately 5,000 ft , the average 
velocity would be 0.04 ft/s.

Because Price AA meters cannot accurately 
measure velocities less than 0.25 ft/s, other methods 
for measuring leakage were necessary. Few instru 
ments are able to accurately measure water velocities 
less than 0.04 ft/s. Price AA meters have been fitted 
with an optic head to increase the accuracy of low- 
flow velocity measurements. However, optic-head 
meters are not rated for velocities less than 0.10 ft/s 
and cannot be used to determine flow direction, except 
at the surface. An acoustic or electromagnetic veloc 
ity meter is necessary to measure velocities less than 
0.10 ft/s and to determine flow direction. However, 
acoustic or electromagnetic meters have the disadvan 
tage of measuring point velocities only; therefore, 
measurements cannot be made any faster than with a 
Price AA. The ADCP was considered advantageous 
because it can quickly obtain measurements of dis 
charge from a moving boat. In April 1993, therefore, 
trial leakage measurements were made with an ADCP. 
Results of the trial measurements indicated that an 
ADCP could be used to measure leakage at each of the 
three control structures.

Several dye-dilution leakage measurements 
were made at the Chicago Lock in order to evaluate 
the results from simultaneous ADCP measurements. 
Because of the poor measuring conditions, the dye- 
dilution measurements cannot provide a strict verifica 
tion of ADCP-measured leakage. However, the dye- 
dilution measurements provide an approximate check 
on ADCP-measured discharges. The two methods 
for measuring leakage are described in the following 
sections.

Acoustic Doppler Current Profiler

ADCP's have been in use for more than 
10 years. They have been used primarily in the 
study of ocean currents and estuaries. Within the last 
5 years, ADCP's have been used to measure stream- 
flow, especially in rivers or canals where conventional 
discharge-measurement techniques are either very 
expensive or impossible to apply. Recently, a more 
advanced ADCP has been developed to measure

Measurement Methods 11
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Figure 9. Wilmette Pumping Station, Wilmette, III., view looking northeast, September 1993.
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discharge in shallow water (as shallow as 5 ft) and 
with a greater vertical resolution. This type of instru 
ment, called a Broadband ADCP (hereafter referred to 
as an ADCP), was used for these measurements. A 
brief description of how an ADCP is used to measure 
discharge is provided below. For a detailed descrip 
tion of the ADCP and its application to streamflow 
measurement, the reader is referred to RD Instruments 
(1989,1993), Gordon (1989), and Simpson and 
Oltmann (1993).

An ADCP measures vertical profiles of water 
velocities from a moving boat. Water velocities are 
measured by the ADCP using transducers that trans 
mit short, phase-encoded acoustic pulses along four 
narrow beams at a known, fixed frequency (from 75 to 
1,200 kilohertz (kHz), depending on the transducer). 
These beams are positioned 90 degrees apart horizon 
tally and at a known angle (usually 20 degrees) from 
the vertical. The ADCP detects and processes the 
echoes reflected by suspended material from succes 
sive volumes (depth cells) along the beams and deter 
mines the time-lag change and frequency shift. The 
time-lag change and difference in frequency (shift) 
between transmitted and reflected sound is propor 
tional to the relative velocity between the ADCP and 
suspended material in the water that reflects the beam 
back to the ADCP (back scattering). This frequency 
shift is known as the Doppler effect. An autocovari- 
ance method is used to compute the mean value or 
first moment of the Doppler frequency. Using sim 
ple trigonometry and water velocities calculated from 
adjacent beams, the ADCP can compute water speed 
and direction. The size or height of the depth cells 
can be set by use of ADCP software parameters. 
Most of the measurements described in this report 
were made using 9.8 in. (0.25 m) depth cells.

Because water-velocity measurements are made 
relative to the movement of a boat, the ADCP also 
must measure the velocity of the boat. This process 
is referred to as bottom tracking. The boat velocity 
relative to the river bottom is computed by the ADCP 
using a flux-gate compass and the results of measure 
ments of the Doppler shift of acoustic pulses reflected 
off of the river bottom. Bottom-tracking measure 
ments can be made with greater accuracy than water- 
velocity measurements because a longer pulse is used 
for bottom tracking and return echoes from the bottom 
are much stronger than echoes from most particulates 
suspended in the water column. In addition to mea 
suring boat velocity, the depth of the river is estimated

by use of the amplitude of the bottom-track echoes 
(echoes returned from the bottom).

When the ADCP is used to measure discharge, 
a series of acoustic pulses known as pings are trans 
mitted. Pings for measuring water velocities are 
referred to as water pings; pings for measuring the 
boat velocity are referred to as bottom-tracking pings. 
Normally, water and bottom-tracking pings are inter 
leaved during transmission. A group of interleaved 
water and bottom-tracking pings is referred to as an 
ensemble. The number of water and bottom-tracking 
pings per ensemble is set by the user. An ensemble is 
analogous to one vertical in a conventional discharge 
measurement. Most leakage measurements 
described in this report were made with five water 
pings and four bottom-tracking pings. Some mea 
surements were made with 10 water pings and 9 
bottom-tracking pings. Increasing the number of 
pings per ensemble slows down the rate at which the 
ADCP makes measurements but does not necessarily 
increase measurement accuracy. A single discharge 
measurement, called a transect, is a collection of 
ensembles for a measuring section. A single transect 
typically will contain 50-60 ensembles.

The ADCP cannot measure water velocities near 
the top and bottom of the water column. Water 
velocities near the surface cannot be measured for two 
reasons. The ADCP must be deployed so that the 
transducers remain under water during the course of 
a measurement (fig. 10). In addition, the physical 
characteristics of the transducers are such that accurate 
velocity measurements cannot be made within at least 
one depth cell away from the transducer. With 
9.8-in. depth cells, usually no velocity measurements 
are made within 20 in. of the transducers. The first 
depth cell for the measurements described in this 
report ranged from 2.4 to 5.5 ft below the water 
surface.

Water velocities near the bottom of the water 
column cannot be measured because of a phenomenon 
known as side-lobe interference. The return signals 
from particulates near the bottom are distorted by 
echoes from the riverbed directly below the ADCP 
(see figure 10). This distortion occurs because the 
strong bottom reflection from a weak side-lobe signal 
overwhelms the weak backscattered reflection of the 
strong main beam signal. Gordon (1989, p. 929) and 
Simpson and Oltmann (1993, p. 6) provide more 
details on side-lobe interference and its effect on 
water-velocity measurements. For a 1,200 kHz
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Figure 10. Beam pattern of acoustic Doppler current profiler (ADCP), showing side-lobe interference.

ADCP with a 20-degree beam angle, about 6 percent 
of the profiling range is lost because of side-lobe 
interference. The ADCP software automatically 
rejects water-velocity data beyond about 94 percent 
of the distance to the bottom.

Water velocities near the surface or near the 
bottom of the water column can be estimated by the 
constant-velocity method or the power-law method. 
With the constant-velocity method, the velocity at the 
surface or the bottom is assumed to be equal to the 
velocity of the first or last measured depth cell, 
respectively. The constant-velocity method is con 
ceptually better for estimating velocities near the sur 
face than the power-law method, because, in open- 
channel flow, the velocity approaches a constant value 
near the surface. However, the constant-velocity 
method is considered inappropriate for estimating the 
velocities near the bottom because typical vertical- 
velocity distributions for open-channel flow are not 
accurately represented. In open-channel flow, the 
velocity approaches zero near the bottom. The 
power-law method is based on the power law for 
velocity distribution presented by Chen (1989,1991). 
With the power-law method, a least-squares fit of the 
measured water velocities is obtained using the power 
law for velocity distribution. The exponent of the

power law can be selected by the user. The exponent 
is typically set to 1/6, based on the 1/6 power law sug 
gested by Chen (1989). Chen has shown that 
Manning's formula is essentially the same as the 
1/6 power law. The power law is then used to esti 
mate velocities in the unmeasured parts of the water 
column. Conceptually, the power-law method is 
better than the constant-velocity method for estimating 
the unmeasured portion of the water column near the 
bottom. In this study, the constant-velocity method 
was used to estimate the unmeasured portion of the 
water column near the surface, and the power method 
with an exponent of 1/6 was used to estimate the 
unmeasured portion of the water column near the 
bottom.

The ADCP cannot measure water velocities near 
the edges of the section. This is primarily because 
the ADCP cannot accurately measure velocity in 
shallow water. ADCP water-profiling mode 2 or 4, 
used in this study, requires a 4.7-ft minimum depth for 
velocity measurement. A new water-profiling mode 
(currently being tested) will allow ADCP measure 
ments in water as shallow as 3 ft. If the unmeasured 
discharge section is assumed to be triangular, the 
estimated velocity for the unmeasured section, Ve, is
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estimated by Simpson and Oltmann (1993, p. 9) with 
the equation

V = 0.707V ,e m (D

where Vm is the mean velocity at the first or last 
ADCP-measured subsection. The assumption that 
the unmeasured flow area is triangular is reasonable 
for many river cross sections where the bottom 
gradually slopes upwards toward the edge of water. 

Sometimes the edge of water is a vertical wall 
such as a sea wall. Water velocities also cannot be 
accurately measured by the ADCP near a vertical 
wall. For example, assume that the acoustic signals 
transmitted by the ADCP are sent out at a 20-degree 
angle from the vertical. As the ADCP approaches a 
vertical wall, the acoustic beam will impinge on the 
wall and cause a false bottom return. The ADCP will 
then calculate flow for a depth shallower than the 
actual depth at that location. The horizontal distance 
at which the acoustic beam impinges on the vertical 
wall depends on the depth of water near the vertical 
wall and the orientation of the transducers on the 
ADCP relative to the wall. For example, the beam 
will impinge on the wall sooner if two of the transduc 
ers are oriented perpendicular to the wall than if the 
transducers are oriented at a 45-degree angle to the 
wall. Most measuring locations in this study had at 
least one vertical wall in the measuring section. For 
most measurements described in this report, the trans 
ducers were oriented at 45 degrees to the wall. With 
this orientation, it was determined that for measure 
ment locations, the ADCP could be brought within 8 ft 
of the vertical wall. Velocities for the unmeasured 
edge sections could then be estimated by setting 
Ve = Vm; however, this is not entirely accurate because 
the velocity decreases to zero near the wall. There 
fore, for the measurements described in this report, 
velocities near vertical walls were estimated by the 
equation

V = 0.91V .e m (2)

The coefficient of 0.91 was estimated from data pre 
sented in Rantz and others (1982, p. 82) showing the 
relation between mean velocity in the vertical and 
distance from a smooth wall expressed as a ratio of the 
depth.

Estimates of Ve are sensitive to the value of Vm 
obtained from the first of last ensemble, and therefore 
the estimates of Ve may have unrealistic values. The

result of velocity measurements from multiple ensem 
bles may be averaged in space or time (referred to as 
ensemble-averaging). Sometimes the average veloc 
ity measured for the last ensemble has a sign that is 
opposite to the predominant flow direction. Ensem 
ble-averaging is done so that a more consistent esti 
mate of edge discharge can be obtained, rather than 
estimating the edge discharge based on the average 
velocity from a single ensemble. Typically, three to 
four ensembles were averaged, especially near the 
edges. For measurements made in the Chicago 
River, the velocity measurements from individual 
ensembles were averaged laterally (across the section) 
every 6 ft. The resulting Vm was used to estimate 
Ve. At all other locations, ensemble-averaging was 
performed every 3 ft and was used to estimate Ve. The 
edge discharge may then be estimated using the equa 
tion

Q = (C V L d ), ^e ^ e m' ' (3)

where
Qe = estimated edge discharge,
C = 0.707 for triangular-shaped edge section, 

0.91 for vertical wall,
L = distance to the shore from the first or last 

ADCP-measured subsection, and
dm = depth at the first or last ADCP-measured 

subsection.
The variable dm is measured by the ADCP; L is 
measured using a tagline or a similar measuring 
device.

ADCP measurements were made at each loca 
tion for a range of lake- and river-level conditions. 
Lake Michigan levels usually are highest during July 
and are lowest during February. Water levels in the 
Chicago and Calumet Rivers are relatively constant 
throughout the year. Immediately prior to a storm, 
river levels will decrease initially in response to 
increased flow at Lockport. Then, river levels will 
increase in response to rainfall and runoff. Occasion 
ally, during large storms, levels in the Chicago and 
Calumet Rivers will be higher than in Lake Michigan. 
In order to measure leakage, ADCP measurements 
were made during dry periods when the river levels 
were not changing rapidly during the measurements.

Two ADCP's were used for making the leakage 
measurements described in this report. Both ADCP's 
were equipped with 1,200-kHz transducers mounted 
20 degrees from the vertical. The ADCP used to
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make measurements in April and May 1993 was 
equipped with firmware version 3.20. The ADCP 
used to make measurements in July, September, and 
October 1993 was equipped with firmware version 
3.90. The main difference between firmware ver 
sions is that a new water-profiling mode was added 
and problems with ambiguity errors were corrected in 
the latter version (J. R. Marsden, RD Instruments, oral 
commun., 1993). The two ADCP's were otherwise 
identical. A metal bracket was used to suspend the 
ADCP from the boat and hold it steady in the water. 
During the April and May ADCP measurements, the 
bracket used contained ferrous metal. The flux-gate 
compass in the ADCP is affected by nearby ferrous 
metal. The result is that velocity directions com 
puted by the ADCP are offset by some constant 
amount, provided that the ferrous metal object does 
not move relative to the ADCP This, however, does 
not invalidate the discharges measured by the ADCP 
(J. R. Marsden, RD Instruments, oral commun., 1993). 
An aluminum bracket was used to hold the ADCP in 
all subsequent leakage measurements.

Normally, streamflow measurements using an 
ADCP are made from a moving boat without the use 
of a tagline. The average velocity in the Chicago 
River and at the Chicago Lock was estimated to be as 
low as 0.04 ft/s. Water velocities were presumed to 
be similar at Wilmette and O'Brien. Initial attempts 
to measure leakage at CRCW indicated that a trolling 
motor moved the boat too fast across the channel. In 
order to obtain accurate, consistent ADCP measure 
ments, it was necessary to cross the channel with a 
boat speed approximately equal to the average water 
velocity. A tagline was used to slowly pull the boat 
by hand from one shore to the other in order to obtain 
the proper rate at which the boat crossed the channel. 
During measurements made in July-September 1993, 
a windlass winch was mounted on the boat and was 
used to pull the boat across the measuring section at a 
relatively constant speed. The windlass assembly is 
shown in figure 11.

Dye Dilution

Dye-dilution methods to measure discharge are 
based on a mass-balance calculation for the flow 
(Kilpatrick and Cobb, 1985). A harmless, fluores 
cent dye, known as rhodamine WT, was used for the 
dye injections described in this report. This section 
describes a continuous, steady-state dye injection into

a steady, uniform flow at the Chicago Lock. For 
these conditions, the dye concentration at the sampling 
section will rise with time until a steady plateau con 
centration is reached (Kilpatrick and Cobb, 1985, 
p. 4-5). The time required to reach the plateau con 
centration depends on the dispersion in the flow. The 
dye concentration should remain steady once the 
plateau concentration is reached, provided the injec 
tion rate and concentration and the flow rate do not 
change. For this situation, the discharge can be 
calculated by use of the equation

i = k-.
S

(4)

where
Q is the discharge in the stream, 
i is the injection rate of the dye,
Q is the concentration of the injected dye 

solution,
Cs is the concentration of dye in the samples 

from the flow, and
k is a constant to convert to a consistent system 

of units.
As the injection rate is far less than the discharge in the 
stream, this equation can be simplified to

iC.

For i, measured in milliliters per minute, and 
measured as cubic feet per second, the units- 
conversion constant

(5)

k = 5.885 x 10
_7 ft /min 

mL/s

Most applications of dye-dilution methods to measure 
discharge involve highly turbulent flows where mixing 
is not a problem. The application discussed in this 
report involved the use of dye-dilution methods to 
measure small discharges through the closed gates of 
the Chicago Lock between Lake Michigan and the 
Chicago River. An initial attempt to measure dis 
charge by dye dilution in May 1993 proved unsuccess 
ful because of inadequate mixing. Therefore, a mani 
fold had to be designed to mix the dye in the flow.

The dye-injection apparatus used in this study 
was planned to provide continuous, uniform mixing of 
a small volume of dye in an open channel 80 ft wide

Dye Dilution 17
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and 25 ft deep. The dye was metered into the outlet 
of a centrifugal pump with a constant-rate, positive- 
displacement metering pump. The centrifugal pump 
took water from outside the Chicago Lock and 
pumped it, together with the injected dye, through a 
manifold into the lock. The purpose of the centrifu 
gal pump was to provide enough flow through the 
manifold to mix the dye solution through the entire 
cross section. The metering pump controlled the 
dye-injection rate, resulting in a steady injection of 
dye into the flow despite any fluctuations in the pump 
ing rate of the centrifugal pump. The dye was 
pumped from a 6-L holding tank with a scale indicat 
ing the volume of dye remaining. Measurements of 
the volume of dye in the holding tank at intervals 
throughout the injection indicated the injection rate 
and any variance. Figure 12 shows the dye-injection 
apparatus.

The manifold was designed of 2-in. diameter 
poly vinyl-chloride pipe suspended in the lock about 
50 ft west from the lake gate and about 1 ft above the 
bottom of the lock. The manifold had ports pointing 
upwards and spaced at 5-ft intervals along the length 
of the manifold. Theoretical mixing characteristics 
of each jet from the manifold are listed in table 1 and 
computed from Fisher and others (1979). At depths 
greater than 4 ft, the flow from adjacent jets should 
overlap. The diameter of the ports was increased 
with distance along the manifold to maintain a consis 
tent flow from all ports. The total area of all the

Table 1 . Theoretical characteristics of jets from 
dye-injection manifold used in the Chicago Lock, 
July 13-15, 1993 
[ft, feet; <, less than]

Depth below 
water 

surface 
(ft)

0
2
6

10
14
18
22
24

Width of 
jet 
(ft)

6.1
5.6
4.6
3.6
2.5
1.5
.5
.03

Dilution 
factor

260
240
190
150
110
65
22
0

Percentage of 
channel width 
included in jet

64
63
52
40
28
17
6

<1

ports was 40 percent of the cross-sectional area of the 
pipe.

The manifold was modified from the original 
design because of mechanical difficulty in joining 
adjacent sections of the manifold. The manifold was 
45 ft long with 9 ports rather than the original at 75 ft 
long with 17 ports. The manifold was centered in the 
channel less than 1 ft above the channel bottom. 
Figure 13 shows the manifold suspended 2-3 ft below 
the water surface and the resulting jets at the water 
surface.

Dye standards were prepared from the dye lot 
used for the injection solutions. Five cuvettes were 
used for the fluorometric analysis for dye concentra 
tions. All of the cuvettes were used for blank (de- 
ionized water) samples as part of calibrating the fluo- 
rometer to ensure that the fluorescence did not vary 
among cuvettes. The fluorometer was calibrated by 
analyzing six to nine standard solutions prior to ana 
lyzing any water samples. The fluorometer was re 
calibrated after the samples were analyzed. If the 
analyses extended over several hours, an extra calibra 
tion was done part way through the analyses. Fluo- 
rometer-calibration curves were estimated using 
ordinary-least-squares regression. The fluorometer- 
calibration readings are listed in appendix 1. The 
calibration curves are listed in table 2.

Samples were collected 500 ft downstream from 
the injection location at four locations across the chan 
nel and at three depths at each location. Samples 
were collected at depths of 6,12, and 18 ft with a 
Kemmerer bottle to isolate samples from the different 
depths. Samples were collected 10, 30,50, and 70 ft 
from the left edge of the lock (facing west). The 
average concentration in each vertical was calculated 
by two methods: (1) the mean of the three samples 
from that vertical and (2) the depth-weighted average 
of the samples. The depth-weighted average for each 
vertical was calculated by dividing the vertical into 
"bins" represented by each sample (fig. 14). The 
concentration of the sample is weighted by the vertical 
size of the bin, and the total for all samples is divided 
by the total depth of the vertical.

Each day, one set of samples was collected prior 
to starting the dye injection. These samples, referred 
to as background samples, were used to determine the 
background fluorescence of the water flowing through 
the lock. Samples to determine the steady dye con 
centration at the plateau of the concentration curve 
were collected at about 1/2-hour intervals starting

Dye Dilution 19
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Figure 13. Dye-injection jnanifold in Chicago Lock, view looking north, July 13-15, 1993.
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Table 3. Control-structure stage data for leakage 
measurements during April-October 1993
[CRCW, Chicago River Controlling Works; O'Brien, Thomas J. O'Brien 
Lock and Dam; Wilmette, Wilmette Controlling Works; Lake, Lake 
Michigan; River: Chicago River (CRCW), Calumet River (O'Brien), and 
North Shore Channel (Wilmette); dashes indicate no data available]

Mean stage 
(feet, Chicago City Datum)

CRCW
Date

04/05/93
04/06/93
04/07/93
05/04/93
05/05/93
05/10/93
07/12/93
07/13/93
07/14/93
07/15/93
07/16/93
09/13/93
09/14/93
09/15/93
09/16/93
09/17/93
09/20/93
09/21/93
09/23/93
10/04/93
10/05/93
10/06/93

Lake

0.56
.36
.39

1.10
1.02
1.07
1.54
1.60
1.80
1.74
 
 
 
 
 
 

1.35
1.52
 

1.18
.91
.59

River

- .53
- .46
- .57
- .84
- .60
- .48
- .40
- .46
-1.77
-1.44

__
__
__
__
 
 

-1.77
-1.49
 

-1.54
-1.29
-1.51

O'Brien
Lake

 
0.88
 
 
 
 
 
 
 
 

1.28
1.59
1.93
1.81
1.61
 
~
 
 
_
 

River

 
-1.77
 
 
 
 
 
 
 
 

-2.03
-1.36
-1.12
-1.10
-1.36
 
 
 
 
 
 

Wilmette
Lake River

1.22 -0.38
__
__
__
__
_.
__
__
__
__
__
__
__
__
__
__
__

1.87 -1.14
_.
__
 

Control Structures

Chicago River Controlling Works

As mentioned previously, the CRCW consists of 
a network of harbor walls that include the Chicago 
Lock and two sets of sluice gates (fig. 2). In recent 
years, leakage through the Chicago Lock has in 
creased because of worn gate seals and gates not fully 
closing. Considerable leakage through the harbor 
walls can result because of the construction techniques 
used. In order to measure the total leakage through 
CRCW, ADCP measurements were made in the 
Chicago River at or immediately west of Lake Shore 
Drive (fig. 2). Separate ADCP and dye-dilution 
measurements were made in the Chicago Lock in 
order to quantify leakage through the Chicago Lock as 
a percentage of the total leakage at CRCW.

Chicago Lock

Recently, the Corps has had problems operating 
the triangle gates at Chicago Lock. One of the lake 
gates would not fully close, sometimes resulting in an

opening as wide as 24 in. Figure 15 shows leakage 
through the lake gates on April 5, 1993. In May 
1993, the Corps initiated emergency repairs at 
Chicago Lock because of problems closing the trian 
gle gates at both the east (lake) and west (river) ends 
of the lock. Debris was removed from the tracks on 
which the gates roll, gate seals were temporarily 
repaired, and the gates were adjusted for better 
closure. After repairs were completed, the lake gates 
closed so that there was little or no space between the 
gates. Nevertheless, leakage around gate seals and 
through holes in one of the gates still exists. How 
ever, after these repairs the lake gates sealed better 
than the river gates. Further repairs were made in 
September 1993, when the gate rollers from the river 
gates were removed and repaired. The Corps plans 
to completely rehabilitate the Chicago Lock in the 
near future.

ADCP measurements were made at several loca 
tions in and near the lock (fig. 16). All ADCP leak 
age measurements in April 1993 were made in the 
lock, halfway between the lake and river gates. In 
May, ADCP measurements of lake-gate leakage were 
made outside the lock, about 90 ft east of the lake 
gates (fig. 16). River-gate leakage measurements 
were made 70 ft upstream from the river gates. In 
July, all ADCP measurements were made in the lock 
halfway between the lake and river gates (fig. 16). In 
April and May, measurements were made by pulling 
the boat with the attached ADCP across the lock with 
a steel tagline cable. The ADCP measurements in 
July were made by pulling the boat with a nylon rope 
and a windlass mounted to the boat deck.

Ninety-five ADCP measurements were made in 
April, May, and July to quantify the leakage through 
the river gates. Measurements of leakage through the 
river gates were made with the river gates closed and 
the lake gates open. During the April and May river- 
gate leakage measurements, the lake gates were left in 
a fully open position. During the July leakage mea 
surements, the lake gates were opened partially or kept 
closed. On July 13, the leakage through the river 
gates of the lock was measured with the lake gates 
opened about 3 ft so the water level in the lock was the 
same as in Lake Michigan. During July 14 and 15, 
the leakage was measured with both the river and lock 
gates closed. After the repairs to both sets of gates in 
May, the river gates leaked more than the lake gates so 
that between lockages, the stage in the lock was some 
what less than Lake Michigan stage and greater than
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Figure 15. Leakage through lake gates at Chicago Lock, view looking east, April 5, 1993.
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Figure 15. Continued.

26 Measurements of Leakage from Lake Michigan through Three Control Structures near Chicago, Illinois, April-October 1993



E
X

P
LA

N
A

TI
O

N

D
Y

E
-I

N
JE

C
T

IO
N

 
LO

C
A

T
IO

N
A

C
O

U
S

T
IC

 
D

O
P

P
LE

R
 C

U
R

R
E

N
T

 
P

R
O

F
IL

E
R

 
M

E
A

S
U

R
E

M
E

N
T

 L
O

C
A

T
IO

N
A

C
O

U
S

T
IC

 
D

O
P

P
LE

R
 C

U
R

R
E

N
T

 
P

R
O

F
IL

E
R

 A
N

D
 

D
Y

E
 

M
E

A
S

U
R

E
M

E
N

T
 L

O
C

A
T

IO
N

S

Fi
gu

re
 1

6.
 

M
ea

su
re

m
en

t 
lo

ca
tio

ns
, 

C
hi

ca
go

 L
oc

k,
 C

hi
ca

go
, 

III
.



the Chicago River stage. Prior to the repairs, the 
stage in the lock chamber normally was equal to the 
Lake Michigan stage. Measurements were made on 
July 14-15 after the water level in the lock stabilized 
between the lake and river levels. During April, 
measurement of river-gate leakage was attempted out 
side of the lock, about 20 ft west of the river gates. 
However, this measuring location was unsatisfactory, 
and the measurements are not included in this report. 
All river-gate leakage measurements described in this 
report were made inside the lock as described above.

The results of specific leakage measurements 
are shown in table 4, including the mean and standard 
deviation of the transects for each day. The standard 
deviation of the total discharge is an estimate of both 
measurement error and natural variability in 
discharge. Natural variability in flow may be caused 
by variation in the stage difference at the Chicago 
Lock (or any other structure) and other factors, such as 
wind speed and direction.

The mean and standard deviation of all the river- 
gate leakage measurements are 133 and 38 ft3/s, 
respectively. The mean river-gate leakage ranged 
from 102 ft3/s on July 13,1993, to 237 ft3/s on May 3, 
1993. Only two transects were made on May 3 
because of time constraints and measurement prob 
lems caused by heavy swells from Lake Michigan. 
The next highest mean river-gate leakage, 148 ft3/s, 
was measured on July 15.

Forty-eight ADCP measurements were made in 
April, May, and July to quantify the leakage through 
the lake gates. During these measurements, the lake 
gates were closed as much as possible and the river 
gates remained open. During the April and May 
leakage measurements, the south lake gate did not 
fully close causing the water entering the lock to flow 
along the inside of the south lake gate before reaching 
the southern lock wall. This flow pattern caused 
large eddies to form and move downstream. Leak 
age through the lake gates in July was measured by 
opening the gates about 20 in. to simulate the hydrau 
lic conditions prior to the gate repairs. However, 
because of time constraints and difficulties in adjust 
ing the gates, both lake gates were opened an equal 
amount allowing lake water to enter the center of the 
lock and flow parallel to the lock walls. This differ 
ence between the July lake-gate measurements and 
those made earlier in the year may be of significance. 
It also seems reasonable that this gate configuration 
provided less resistance to flow and, therefore, more

leakage resulted. The mean and standard deviation 
of all the lake-gate leakage measurements are 919 and 
105 ft3/s, respectively. The mean lake-gate leakage 
ranged from 835 ft3/s on April 6,1993, to 961 ft3/s on 
May 10,1993.

Dye-dilution discharge measurements were 
made at the Chicago Lock on July 13-15,1993. For 
all measurements, dye was injected inside the lock 
50 ft west of the lake gate from the lock, and samples 
were collected inside the lock 50 ft east from the river 
gate of the lock (500 ft west of the injection point). 
Injecting and sampling within the lock gives the long 
est possible dye-mixing length. This also eliminates 
any dilution or dye loss from mixing with water from 
the lake or river, as would be possible if the injection 
or sampling were outside the lock.

Dye was injected with the manifold setup 
described earlier (see figs. 12-13). Water to mix 
with the dye was pumped from outside the lock (Lake 
Michigan water), mixed with the dye, and injected 
through the manifold located across the center 45 ft 
of the lock less than 1 ft above the bottom. The 
injection concentrations and dye-injection rates are 
listed in table 5. The volumetric pumping rate of 
water to mix with the dye was 23 gal/min (0.05 ft3/s) 
on July 13 and about 45 gal/min (0.11 ft-Vs) on July 14 
and 15. This is negligibly small compared to the 
flow rate measured.

Results of the dye-dilution measurements on 
July 13 and 14 are not presented in this report. Low 
pumping rate for the July 13 measurement caused poor 
vertical mixing of the dye in the lock. During the 
July 14 measurement, the injection pump stopped part 
way through the injection. Results from both of 
these measurements were poor. Only the July 15 
dye-dilution measurement met all three criteria for 
a good measurement: (1) constant-rate injection, 
(2) adequate vertical and lateral mixing, and (3) ade 
quate serial dilution of the injection solution.

On July 15, the dye was injected from 0900 to 
1334 hours. Background samples were collected 
from 0853 to 0856 hours, and samples for plateau dye 
concentrations were collected from 1104 to 1337 
hours. Samples used for the analysis were collected 
from 1253 to 1337 hours. Theoretical dye concentra 
tions over time indicate that the dye should have 
reached a plateau concentration about 180 minutes 
after the start of dye injection. The mean and depth- 
weighted average concentrations from each vertical 
indicate that the mean concentration had reached a

28 Measurements of Leakage from Lake Michigan through Three Control Structures near Chicago, Illinois, April-October 1993
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Table 5. Concentrations and pumping rates for dye injection at Chicago Lock, July 13-15,1993
[L, liters; mL, milliliters; min, minutes; mL/min, milliliters per minute]

Volumes of 
dye and water 

in injection
mixture (L)

Date

July 13
July 14
July 15

Dye

5.4
5.8
5.0

Water

2.2
0
0

Injection concentration
(parts per billion)

Mean

1.41 x 108
2.38 x 108
2.38 x 108

Variance

3.61 x 10 12
0
0

Volume of
mix injected

(mL)

3,722
2,247
4,732

Injection
time
(min)

250
110
276

Injection rate
(mL/min)

Mean

14.89
20.43
17.14

Variance

1.64
4.18
5.63

plateau by the time the samples were collected at 
1253 hours (fig. 17) and that the dye was fairly well 
mixed throughout the cross section. The discharge 
estimated for this dye-dilution measurement is 
160 ft3/s.

Results of quality-assurance samples are listed 
in tables 6 and 7. Analysis of variance (ANOVA) of 
normalized concentrations from replicate and split 
samples indicated that the variance from sampling and 
analysis was significantly smaller (p less than 0.0001) 
than the variance across the channel. Concentrations 
were normalized by dividing by the average of the 
four depth-averaged concentrations (one from each 
vertical) from the same sampling transect that the 
quality-assurance samples were from. These nor 
malized concentrations allowed comparison of sam 
ples from days and times with different average dye 
concentrations in the ANOVA.

Results from blank samples indicated that any 
contamination was negligibly small compared to the 
concentration in the river. The mean and standard 
deviation of the blank samples were 0.06 and 0.09 
parts per billion, respectively. In contrast, the mean 
and standard deviation of the background samples 
were 0.187 and 0.128, respectively. The two-way 
Mann-Whitney test (nonparametric t-test) was used to 
test if the equivalent concentrations of the blank 
samples were significantly different (a=0.05) from 
equivalent background concentrations. Results from 
this test and the observed difference in the means indi 
cated that the equivalent background concentrations 
were significantly higher than the equivalent concen 
trations (p equal 0.01) from the blank samples.

Chicago River

The measurements in the Chicago Lock were 
made to determine the amount of leakage through the 
lock only. Therefore, the ADCP measurements on

the Chicago River were made to determine the total 
leakage through CRCW into the Chicago River. 
Most of the Chicago River measurements were made 
about 20 ft west from the Lake Shore Drive bridge 
(fig. 2). Several measurements made in April, how 
ever, were made at the Columbus Drive bridge and 
halfway between Columbus Drive and Lake Shore 
Drive. During the April measurements, the boat was 
powered across the channel using an outboard or elec 
tric trolling motor.

Thirty-nine ADCP measurements were made 
on the Chicago River in April, July, September, and 
October 1993 (table 4). The mean and standard devi 
ation of all Chicago River measurements are 192 and 
73 ft3/s, respectively. The highest mean leakage

o

measured was 251 ft /s on July 14, and the lowest 
mean leakage measured was 145 ft /s on July 16 and 
October 6, 1993.

Thomas J. O'Brien Lock and Dam

The leakage through O'Brien is considerably 
less than at CRCW. While there is noticeable leak 
age between the sector gates and gate seals in the lock, 
leakage through the four sluice gates is not visually 
apparent. Attempts to measure leakage through the 
sluice gates in September were unsuccessful. Any 
leakage through the sluice gates was too small to be 
accurately measured with the ADCP.

Four leakage measurements were made at 
O'Brien in April 1993. The measurements were 
made about 100 ft upstream from the lock (Lake 
Michigan side). An outboard motor was used to 
power the boat across the Calumet River for each of 
the four measurements. Because the leakage through 
the lock and sluice gates was so small and the boat 
velocity was much larger than the water velocity, accu 
rate measurements were not possible. Therefore, the 
results of these measurements are not shown in table 4.
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July 15, 1993.
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Table 7. Results of analysis of blank samples collected at Chicago Lock, July 1993
[ft, feet; ppb, parts per billion; calibration number refers to table 2; dashes indicate no data]

Sample
number

456
457

93
106
146
175
179

Sample
date

July 14
July 14
July 14
July 14
July 14
July 15
July 15

Sample
time

(hours)

_
-

1149
1251
1347
1334
1338

Distance 
from left
edge of

lock
(ft)

_
-
10
80
80
-
 

Depth
(ft)

_
-
0
0
0
--
 

Calibration
number

1
1
3
3
3
5
5

Fluorometer
reading

0.2
.2
.3
.25
.2
.19
.15

Equivalent
dye

concentration
(ppb)

-0.010
-.010
.070
.027
.002
.227
.141

Measurements of the leakage through the lock 
at O'Brien were made with the ADCP on September 
14 and 17, 1993. ADCP measurements were made 
in the lock about 200 ft away from the downstream 
sector gates with the windlass assembly to power the 
boat across the lock. The traverse times across the 
lock for measurements made on September 14 aver 
aged 254 seconds. These times were considerably 
faster than traverse times for the measurements made 
on September 17 because of a malfunction in the 
windlass. The mean and standard deviation of 
ADCP measurements made on September 14,1993, 
are 20 and 31 ft /s, respectively. The mean and 
standard deviation of ADCP measurements made on 
September 17, 1993, are 21 and 10 ft3/s, respectively.

Wilmette Pumping Station

Most of the leakage at Wilmette is through the 
pump bays in the pumphouse. Little leakage through 
the sluice gate has been observed. As previously 
mentioned, in July 1993, MWRD removed the pumps 
and sealed the pump bays at Wilmette. Prior to the 
sealing of the pump bays, the leakage through the bays 
was readily apparent. After the sealing, little or no 
leakage could be observed.

Three sets of leakage measurements were made 
at Wilmette with the ADCP: one set on April 6, 
1993, and the others on September 22-23, 1993. A 
tagline was used to pull the boat across the North 
Shore Channel at Wilmette during the April 1993 
measurements. The September 1993 measurements 
were made with the windlass assembly to power the 
boat across the channel. A total of 19 transects were 
made at Wilmette, 12 of which were made on April 6, 
1993. The mean and standard deviation of the

April 6 ADCP measurements are 59 and 8 ft /s, 
respectively. Leakage during the September mea 
surements was so small that these ADCP measure 
ments are questionable. It is likely that the leakage is 
less than 15 ft3/s at Wilmette.

Accuracy of Measurements

The accuracy of the measurements made with 
the Broadband ADCP cannot be calculated in a rigor 
ous statistical manner at the present time. Although 
sources of error for narrowband ADCP's have been 
identified and discussed by a number of investigators, 
including Simpson and Oltmann (1993), little work 
has been done to document the errors of Broadband 
ADCP's.

Uncertainty in ADCP measurements may be 
both random and systematic. Random errors can be 
reduced by data averaging; systematic errors cannot be 
reduced. Random errors may be caused by side-lobe 
interference, self-noise, or errors in the signal-process 
ing algorithm used in the ADCP (M.R. Simpson, 
U.S. Geological Survey, written commun., 1993). 
Theoretical equations for describing the random 
uncertainty of the Broadband ADCP have not yet been 
released by the manufacturer. Systematic ADCP 
errors have been reduced with the introduction of the 
Broadband ADCP's used in this study because of 
wider bandwidth in the acoustic signals and a better 
signal-processing algorithm (M.R. Simpson, 
U.S. Geological Survey, written commun., 1993). 
The most significant systematic errors are because of 
potential misalignment in the beam angles and pitch 
and roll offsets. The manufacturer has instituted pro 
cedures that minimize potential for error in transducer
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alignment and provides a rigorous test of each ADCP 
prior to delivery (J. R. Marsden, RD Instruments, oral 
commun., 1993). Therefore, systematic errors are 
believed to be less than 3 percent.

Generally, the accuracy of the discharges mea 
sured using the ADCP tended to improve with time. 
Most of this increase in accuracy can be attributed to 
improvement in measurement technique over time. 
For the measurements made in April and May 1993, 
average boat velocities tended to be higher and the 
number of ensembles lower than those for measure 
ments made in July-October 1993. This is particu 
larly noticeable for measurements made in the 
Chicago River (see table 4).

The accuracy of the measured ADCP discharges 
also is reflected in the standard deviations of measured 
discharges and the sample sizes shown in table 4. 
The standard deviation of the Chicago River measure 
ments tended to be higher than the standard deviation 
of measurements elsewhere. This, however, is not 
only an estimate of measurement uncertainty, but it 
also may be an indication of the natural variability in 
flow. At such low velocities, the potential for oscil 
lations in flow and velocity is considerable, particu 
larly at sites such as the Chicago River.

The percentage of the total ADCP discharge that 
is estimated, including the top and bottom of the water 
column and the two edges, is also shown in table 4. 
The percentage estimate shown in table 4 was com 
puted by (1) summing the unmeasured (estimated) 
discharge (top, bottom, left, and right discharge) and 
dividing by the total discharge and (2) computing the 
mean for each transect. The percentage of the dis 
charge estimated (not measured by the ADCP) ranged 
from -55 percent for O'Brien measurements to 89 per 
cent for Wilmette measurements. For most measure 
ments, however, the discharge estimated with the 
ADCP ranged from 30 to 40 percent. If the percent 
age of the discharge estimated is negative, it indicates 
that one or more of the estimated discharges were 
negative. For example, on September 21,1993, a 
strong wind was blowing from west to east at CRCW. 
This caused bi-directional flow, with the top layer 
flowing upstream (eastward) and the rest of the water 
column flowing downstream (westward). The top 
discharge shown in table 4 is negative and, therefore, 
the percentage of discharge estimated is -31 percent.

The effect of the techniques for extrapolating 
the velocity profile measured by the ADCP was evalu 
ated with sensitivity analysis. The extrapolation

technique and the value of the exponent were varied 
for selected ADCP measurements. The exponent 
was allowed to vary between 0.11 (1/9) and 0.20 (1/5), 
representing a range of exponents suggested by vari 
ous investigators, and the resulting discharge was 
computed. Results of this sensitivity analysis indi 
cate that the measured discharges are relatively insen 
sitive to changes in the exponent. Figure 18 shows 
the results of the sensitivity analysis for several 
transects at CRCW.

The error in the dye-dilution discharges was esti 
mated using a first-order analysis (Ang and Tang, 
1975, p. 199) to estimate the effect of error in each 
measured factor on the error in the calculated dis 
charge assuming that the factors are independent. 
The equation used to determine the error is

where

52 (C.)

5(C),

S ( ) is the variance of the term in

(6)

parentheses,
6 is the estimated discharge, and 

d (6)/9( ) is the partial derivative of the discharge 
with respect to the term  .

The variance of the injection rate was deter 
mined from the samples of volume remaining in the 
dye container at different times. The variance of the 
injection concentration was determined from analysis 
of multiple samples of the injection solution. For 
days that raw dye was injected, the variance in injec 
tion concentration was set to zero. The variance in 
the sampled concentration was determined from the 
average concentration from each vertical sampled.

The error analysis describes the variance in the 
estimated discharge for the conditions measured. 
The sensitivity of the estimated discharge to each term 
varies as the injection rate, injected concentration, and 
sampled concentration vary. The variance, expressed 
as the standard deviation of the estimated discharge on 
July 15 and computed using equation 6, is 23 ft /s. 
This is a conservative estimate of the variance because
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it was computed using the variance of the point- 
sample data rather than the variance of the cross- 
section averages for the injection rate, injected con 
centration, and sampled concentration.

The dye-dilution measurements were made 
because ADCP's have not previously been used to 
measure such low discharges. Comparison of dis 
charges estimated by dye dilution with those measured 
with the ADCP show that on July 15, 1993, 
the dye-dilution estimate of discharge was within 
8 percent (12 ft3/s) of the ADCP-measured discharge. 
The difference between the two discharges is less than 
the standard deviation of the dye-dilution discharge 
estimate.

FUTURE WORK

Study results indicate that the ADCP and dye- 
dilution leakages should be used with caution. Mea 
surements described in this report give an indication of 
the order of magnitude of the leakage through each 
control structure, rather than precise values of leakage. 
Use of these leakage values to develop a method for 
predicting leakage at CRCW, O'Brien, and Wilmette

for a range of stage differences is not recommended at 
this time. Estimates of leakage may be more sensi 
tive to factors other than the stage difference at the 
control structure. For example, the gates at Chicago 
Lock did not always close to exactly the same position 
with each use. The effective gate opening is likely to 
have a much larger effect on the leakage than the head 
differences normally observed for Lake Michigan and 
the Chicago River.

The measurement results indicate that additional 
leakage measurements are needed at each of these 
locations if more accurate values are desired and if 
those values are to be used for estimating leakage. 
Specifically, it is desirable to obtain leakage measure 
ments for a complete range of head conditions at each 
control structure. The accuracy of the measured 
leakage may also be improved by increasing the num 
ber of transects. Most measurements made in the 
Chicago River consisted of only 3-5 transects, for 
example. Alternative techniques for measuring dis 
charge at the Chicago River, such as a Neil-Brown 
acoustic velocity meter, might be explored. Use of 
an alternative technique for measuring discharge in the 
Chicago River would provide greater confidence in
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the ADCP measurements at this location and improve 
the possibility of developing a means to estimate 
leakage.

Dye-dilution measurements can also be done for 
O'Brien. A continuous injection over a long time 
period (1 week) should allow for more reliable esti 
mates of leakage at both of these locations. This can 
be achieved without requiring that the lock be closed 
to river traffic.

SUMMARY AND CONCLUSIONS

Measurements of leakage were made at three 
control structures near Chicago, 111., using acoustic 
Doppler current profilers (ADCP's) and dye-dilution 
techniques. The leakage results from the seepage of 
Lake Michigan water through sea walls and through 
and around lock gates and sluice gates. The water 
leaking through each of these structures forms part of 
the diversion of Lake Michigan water by the State of 
Illinois. The amount of the Lake Michigan diversion 
is regulated by U.S. Supreme Court decree.

Leakage measurements were made at the 
Chicago River Controlling Works (CRCW) (including 
both the Chicago Lock and the Chicago River), 
Thomas J. O'Brien Lock and Dam (O'Brien), and 
Wilmette Pumping Station (Wilmette) in April, May, 
July, September, and October 1993 using an ADCP. 
ADCP's are used to measure vertical profiles (ensem 
bles) of water velocities from a moving boat. Water 
velocities are measured by transmitting short, phase- 
encoded acoustic pulses along four narrow beams at a 
known frequency. The ADCP detects and processes 
the echoes reflected from successive volumes along 
the beams and determines the time-lag and difference 
in frequency (frequency shift). The time-lag change 
and frequency shift between transmitted and reflected 
sound is proportional to the relative velocity between 
the ADCP and the suspended material in the water 
column. The ADCP cannot profile near the water 
surface, near the channel bottom, near vertical walls, 
or in water less than 5 ft deep. Velocities near the 
surface were assumed to be constant and equal to the 
shallowest water velocity measured by the ADCP. 
Velocities near the bottom were estimated using an 
approximation of the 1/6 power velocity-distribution 
law. Velocities in the unmeasured edges of a channel 
were estimated using the average velocity of ensem 
bles near each edge.

Dye-dilution measurements of leakage were 
made at the Chicago Lock in July 1993 to evaluate the 
discharges measured using the ADCP Dye-dilution 
methods to measure discharge are based on a mass- 
balance calculation for the flow. Most applications 
of dye-dilution methods to measure discharge are for 
highly turbulent flows where mixing is not a problem. 
In the application used in the study and described in 
this report, an injection manifold was designed for 
mixing of the dye in the flow because leakages were 
too small for adequate mixing.

A total of 221 discharge measurements were 
made with the ADCP. The greatest mean leakage 
measured for the lake gate at Chicago Lock was 
961 ft3/s. However, because the river gate is 
normally closed, the leakage through that gate is a 
better estimate of the normal leakage through the 
Chicago Lock. The mean and standard deviation 
of leakage measured by the ADCP for the Chicago 
Lock river gate were 133 and 38 ft3/s, respectively. 
The mean and standard deviation of ADCP leakage

o

measurements at CRCW were 192 and 73 ft/s, 
respectively. River-gate leakage accounted for more 
than half of the total leakage measured at CRCW. The 
mean and standard deviation of leakage measured at 
O'Brien on September 17,1993, were 21 and 
10 ft3/s, respectively. Leakage measurements at 
O'Brien on September 14,1993, were less accurate; 
the mean and standard deviation were 20 and 31 ft3/s, 
respectively. The mean and standard deviation of 
April 1993 leakages measured at Wilmette using the 
ADCP were 59 and 8 ft3/s, respectively. After the 
Metropolitan Water Reclamation District of Greater 
Chicago sealed the pump bays at Wilmette in July 
1993, the leakage dropped to less than 15 ft3/s in 
September 1993.

Discharges were estimated by dye dilution at 
Chicago Lock on July 13-15, 1993. The measure 
ments made on July 13-14 did not meet the criteria for 
a good dye-dilution measurement and, therefore, were 
not used for further analysis. On July 15, the leakage 
through the Chicago Lock river gates was estimated

 7

by dye dilution to be 160 ft/s or within 8 percent of 
the ADCP-measured discharge.

The sensitivity of ADCP-measured discharges to 
changes in the power velocity-distribution law expo 
nent was evaluated. The exponent was varied from 
0.11 (1/9) to 0.20 (1/5) for a number of transects near 
CRCW. Results indicate that for the leakages being
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measured, discharges are insensitive to the changes in 
the exponent.

ADCP measurements made in April and May 
1993 are less accurate than those made in July, Sep 
tember, and October 1993. The improved accuracy 
obtained for measurements after May 1993 is pri 
marily due to improvements in ADCP measuring tech 
niques. Results of the measurements reported here 
should be used with caution and should probably not 
be used to estimate leakage based only on stage differ 
ences at the three control structures. Although the 
results of the ADCP measurements are, in general, 
acceptable, improvements in measurement methods 
can be made. Alternative methods for measuring 
discharge at the Chicago River, such as the use of an 
acoustic velocity meter, might provide more reliable 
leakage information at this location. Similarly, dye- 
dilution measurements could be made at O'Brien and 
Wilmette if more reliable estimates of leakage are 
necessary.
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APPENDIX 1. SUMMARY OF FLUOROMETER CALIBRATIONS, JULY 15-16,1993

[ppb, parts per billion]

Date

July 15 
July 15 
July 15 
July 15 
July 15 
July 15 
July 15

July 16 
July 16 
July 16 
July 16 
July 16 
July 16 
July 16

July 16 
July 16 
July 16 
July 16 
July 16 
July 16

Time 
(hours)

Standard
concentration

(ppb)

Fluo-
rometer

scale

0925
0927
0929
0930
0932
0934
0935

0906
0907
0909
0911
0913
0915
0917

1057
1059
1100
1102
1103
1105

Calibration 4
0.5 
1 
5

20
25
50.

100
Calibration 5 

.5 
1 
5

20
25
50

100
Calibration 5.5 

1 
5
20
25
50
100

3
3
10
30
30
100
100

3
3
10
30
30
100
100

3
10
30
30
100
100

Fluo- 
rometer 
reading

0.63
1.23
4.30
15.0
18.5
40
78

.55
1
3.7

13.
15.5
34
68

.90
3.5
12.5
15.5
33
64
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APPENDIX 2. SUMMARY OF ALL DYE SAMPLES COLLECTED FROM THE CHICAGO 
LOCK, BOTH GATES SHUT, JULY 15,1993

[ft, feet; ppb, parts per billion; ±, plus or minus; <, less than; calibration number refers to table 5; shaded lines indicate background samples; the suffix V on 
the sample number indicates a split sample; dashes indicate no data]

Sample 
number

117

118
119
120
121
122

123
124
125
126
127

128
129
130
131
132

133
134
135
136
147

148
149
150
151
152

153
154
155
156
157

158
159
160
161
162

Sample 
date

11111111

iiiiiiiliifc!
July 15

July 15
July 15
July 15
July 15
July 15

July 15
July 15
July 15
July 15
July 15

July 15
July 15
July 15
July 15
July 15

July 15
July 15
July 15
July 15
July 15

July 15
July 15
July 15
July 15
July 15

July 15
July 15
July 15
July 15
July 15

July 15
July 15
July 15
July 15
July 15

Sample 
time 

(hours)

iiiijliljii

1104

1105
1108
1110
mi
1112

1114
1115
1116
1117
1118

1119
1211
1213
1214
1253

1254
1254
1255
1256
1256

1257
1258
1258
1259
1259

1301
1301
1302
1302
1304

1304
1305
1307
1307
1308

Distance 
from left 
edge of 
water 

(ft)

70

70
70
50
50
50

30
30
30
10
10

10
40
40
40
70

70
70
50
50
50

50
30
30
30
30

10
10
10
10
30

30
30
50
50
50

Sample 
depth 

(ft)

lililliiiil

6

12
18
6

12
18

6
12
18
6

12

18
6

12
18
6

12
18
6

12
12

18
6

12
18
18

6
6

12
18
6

12
18
6

12
18

Analysis 
date

JUly 16

July 16
July 16
July 16
July 16
July 16

July 16
July 16
July 16
July 16
July 16

July 16
July 16
July 16
July 16
July 16

July 16
July 16
July 16
July 16
July 16

July 16
July 16
July 16
July 16
July 16

July 16
July 16
July 16
July 16
July 16

July 16
July 16
July 16
July 16
July 16

Analysis 
time 

(hours)

IlllllHlilli

0920

0922
0923
0925
0926
0927

0929
0931
0933
0935
0936

0938
0940
0943
0944
0946

0947
0950
0953
0955
0954

0958
1000
1001
1002
1003

1005
1006
1008
1011
1013

1014
1015
1016
1018
1020

Fluo- 
rometer 
readings

lllsillffiSllI

7.00'

7.00
5.60
9.10
7.70
5.70

9.70
8.90
6.60
9.50
9.60

7.40
11.00
11.00
10.00
9.10

9.20
9.70

10.00
9.90

10.00

9.50
10.00
10.00
10.50
10.50

10.00
10.00
10.30
10.50
10.00

10.00
10.00
9.70
9.40
9.70

Calibration 
number

I

|""""""""I"'""""""""

5
5
5
5
5

5
5
5
5
5

5
5
5
5
5

5
5
5
5
5

5
5
5
5
5

5
5
5
5
5

5
5
5
5
5

Dye 
concen 
tration 
(ppb)

10.56

10.56
8.49

13.68
11.61
8.64

14.59
13.41
9.99

14.32
14.47

11.20
16.58
16.60
15.11
13.77

13.92
14.69
15.15
15.01
15.15

14.42
15.18
15.19
15.95
15.95

15.21
15.21
15.68
15.99
15.24

15.25
15.25
14.80
14.35
14.82

95-percent 
confidence 
interval for 

dye concen 
tration (ppb)

msjmmm

, ___...... 

±.33
±.26
±.42
±.36
±.27

±.45
±.41
±.31
±.44
±.45

±.34
±.51
±.51
±.47
±.42

±.43
±.45
±.47
±.46
±.47

±.44
±.47
±.47
±.49
±.49

±.47
±.47
±.48
±.49
±.47

±.47
±.47
±.45
±.44
±.45
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APPENDIX 2. SUMMARY OF ALL DYE SAMPLES COLLECTED FROM THE CHICAGO 
LOCK, BOTH GATES SHUT, JULY 15,1993 Continued

Sample 
number

163
164
165
166
167

168
169
170
171
172

173
174
176
177

Sample 
date

July 15
July 15
July 15
July 15
July 15

July 15
July 15
July 15
July 15
July 15

July 15
July 15
July 15
July 15

Sample 
time 

(hours)

1309
1310
1311
1327
1328

1329
1330
1330
1331
1333

1333
1334
1336
1337

Distance 
from left 
edge of 
water 

(ft)

70
70
70
70
70

70
50
50
50
30

30
30
10
10

Sample 
depth 

(ft)

6
12
18
6

12

18
6

12
18
6

12
18
6

12

Analysis 
date

July 16
July 16
July 16
July 16
July 16

July 16
July 16
July 16
July 16
July 16

July 16
July 16
July 16
July 16

Analysis 
time 

(hours)

1021
1023
1025
1027
1029

1032
1034
1036
1037
1038

1041
1043
1045
1048

Fluo- 
rometer 
readings

9.00
9.20
9.40
8.90
9.10

9.40
9.70
9.60
9.60
9.60

9.10
9.50

10.20
10.20

Calibration 
number

5
5
5
5
5

5
5
5
5
5

5
5
5
5

Dye 
concen 
tration 
(ppb)

13.75
14.07
14.38
13.62
13.94

14.41
14.88
14.74
14.74
14.74

13.99
14.61
15.70
15.72

95-percent 
confidence 
interval for 

dye concen 
tration (ppb)

±0.42
±.43
±.44
±.41
±.42

±.44
±.45
±.45
±.45
±.45

±.42
±.44
±.47
±.47
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APPENDIX 3. REVIEW OF U.S. GEOLOGICAL SURVEY DATA COLLECTED IN THE 
CHICAGO AREA USING AN ACOUSTIC DOPPLER CURRENT PROFILER
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Review of U.S. Geological Survey Data
collected in the Chicago area using an

Acoustic Doppler Current Profiler.

Discharge measurements at several sites in the Chicago area were 
collected by the U.S. Geological Survey between May and October 1993. The 
data were acquired using a Acoustic Doppler Current Profiler (ADCP). The 
sites are on the Chicago River and in or near control structures that allow 
water to pass from Lake Michigan into the Chicago River. Of particular 
interest for this review are those measurements collected when all sluice 
gates and/or locks were in their closed positions.

In the following, an overall review of the general quality of the data is 
given and some specific measurements are examined in detail. The emphasis 
is on determining the accuracy of the data relative to the expected 
performance of the instrument and the technique used to compute the 
discharge.

An ADCP measures a vertical profile of the horizontal velocity of the 
water. The velocity is determined in a number of discrete bins known as 
'depth cells' (see Figure 1). The ADCP also measures its own velocity relative 
to the bottom of the channel. This velocity is then subtracted from the 
water's velocity relative to the ADCP to determine the velocity of the water 
relative to the earth. The total discharge through the section of the water 
actually measured by the ADCP is the time integral of the cross product of 
the ADCP's velocity and the water's velocity. This computation is done using 
software supplied with the ADCP.

_ h

W

Figure 1 
Channel section actually measured with an ADCP
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It is important to note that the ADCP does not measure the entire 
water column. There are layers on the top and bottom that are not 
measured; likewise for the edges. The discharge in these unmeasured 
sections is extrapolated from the data actually acquired with the ADCP. The 
user has some control over the method of extrapolation.

The error of a discharge measurement has a number of possible 
sources. The prominent contributions are:

  the ADCP's inherent measurement errors
  extrapolation of the unmeasured discharge
  temporal fluctuations in flow

For the ADCP used in these measurements, it can be shown that the 
instrument's contribution to error in the discharge calculated for the section 
directly measured by the ADCP is given by

where vb is the average velocity of the boat,
cr v is the single ping standard deviation of the ADCP, 
t is the time for an individual ping.

The expected error in the top layer extrapolation (extrapolating the 
uppermost depth cell velocity to the surface, known as constant 
extrapolation) is given by

where / is the thickness of the extrapolated layer.

The error predicted for one side's discharge extrapolation is given by

.7Q7Ld_

where dm is the actual depth of the vertical section nearest the shore 
-WP is the number of pings in the vertical section.

Note that the section referred to above may have comprise many individual 
pings or ensembles of pings averaged together. The total side extrapolation 
error will include the error from both sides of the channel. The .707 factor 
may change depending on the geometry of the channel banks.
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The three equations above allow the total measurement error to be 
estimated. There are other less significant errors; these will be ignored for 
the following discussion.

Case Study: Chicago River at Lake Shore Drive

As an example to analyze, consider the measurement on 9/21/93 in file 
RIV1043R.OOO. The approximate parameters for this run are

W 72 meters LI 2.5 meters
d 6 meters £2 5.0 meters
vb 0.1 meters/sec dmi 3.5 meters
vw 0.015 meters/sec d^ 5.0 meters
h 0.25 meters / 1.0 sec
<r v 0.10 meters/sec. / 1.5 meters
WP 5 pings
The 0.707 factor used to estimate edge discharge was changed to 0.91
for this channel

From these parameters, the various components of the measurement error 
are estimated to be

0.33 m3/s = 12 cfs
A<2to, = 0.40 m3/s = 14 cfs

0.07 m3/s = 2.5 cfs
0.15m3/s = 5.1 cfs

In addition to these errors, the other errors not accounted for in detail here 
(such as turbulence or temporal variations in the flow) will be, in aggregate, 
on the order of the top layer error. This gives a total estimated error of 
roughly 48 cfs for this measurement.

A total of 7 discharge measurements were made at this site on 9/2 1/93 
under similar conditions. For those seven measurements, the calculated 
standard deviation is 67 cfs. This is in fair agreement with the error 
predicted above. The slightly higher than estimated error may be due to a 
shear in the vertical velocity profile that was present during these runs. The 
top few feet were flowing east while the underlying water was flowing west. 
This shear condition will add an error term that is not accounted for above.

With this one exception, the data from these measurements are 
consistent with the error that should be expected for the flow conditions
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present. The overall quality of the data is quite good. The ADCP data itself 
exhibits good backscatter strength (for a good signal to noise ratio) and 
nearly ideal correlation (one of the ADCP's measures of the quality of the 
data). There are no BIT (built in test) errors in the data, so that based on the 
self test routines that occur on every ping the instrument appears to be 
functioning correctly.

Overview of the data at all three sites

Chicago River at Lake Shore Drive

Only data collected with the lock gates and sluice gates all closed are 
considered here. In particular the data from 9/20, 9/21, 10/5 and 10/6, 1993 
are examined. For all four sets of data, the average flow velocity, and river 
cross section are similar. Based on the ADCP's indicators of data quality, the 
raw data are all valid. The average discharge (except for the edges) is 
210 ± 85, 220 ± 70, 145 ± 10, and 140 ± 44 cfs for the three days respectively. 
And for each set of data, the edge distances and hence the edge contributions 
will be about the same. From the case study above, we know the edge 
discharge is about 10 cfs. The final values, which include edge discharge, 
given in Table 4 of the body of the report (Oberg and Schmidt, 1994) are 
reasonable and accurate values.

Thomas O'Brien Lock and Dam

Measurements of leakage through the lock were collected on two days, 
9/14 and 9/17, 1993. On 9/14, the time taken to cross the channel was 
typically 3 to 4 minutes, while on 9/17, the time was between 15 and 20 
minutes. The longer data acquisition times on 9/17 yielded much better 
quality data. Neglecting the edge areas, the discharge results were 
19.5 ± 21.7 cfs and 22.1 ± 7.4 cfs on 9/14 and 9/17 respectively. Using the 
earlier formula for the error contributions, we predict an error of 2.7 cfs from 
the ADCP, and a top layer error of 4.0 cfs, for a total of 6.7 cfs from those 
sources for the data of 9/17. This is in excellent agreement with the actual 
data. For the data of 9/14, the same errors are 5.9 cfs and 8.9 cfs for a total of 
14.8 cfs, also consistent with the actual results.

Data files OBR1093R.OOO and OBR1099R.OOO we examined in detail. 
All quality indications from the ADCP were good, and the instrument 
registered no self test errors. Using the average measured velocity and the 
edge distances for the runs of 9/17, the total edge discharge is 2.5 cfs. So, the 
total average leakage through the O'Brien Lock is roughly 24 ± 7.5 cfs on 
9/17/93.
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Wilmette Pumping Station at Wilmette. IL.

Again, only data collected with all gates closed is analyzed. For the 
data collected on 9/22/93, the flow was organized but very slow, with an 
average velocity of 0.023 ft/sec. The average discharge (without the edges) is 
8.3 ± 1.3 cfs. This is consistent with a predicted error of 1.5 cfs for the 
channel parameters. With edge estimates, the flow is 9.0 ± 1.5 cfs. For the 
data collected on 9/23/93, the dominant flow feature is an eddy structure that 
fills the volume measured. The discharge measured with the ADCP is 
3.1 ± 1.1 cfs. However, for this case, the edge estimates may dominate the 
total flow: this is because the highest velocities are at the edges of the flow 
rather than in the middle. An average velocity cannot be used to extrapolate 
the flow in these regions.

The data from files WLM1004R.OOO and WLM1028R.OOO were 
examined in detail. All the data were within acceptable limits by all criteria 
that the ADCP makes available. The speed of the boat was sufficiently slow 
to keep the measurement technique effects from dominating the data.

This site is the most difficult of the three because of its shallow depth 
and the very low water velocity. The data collected on 9/22/93 are the more 
reliable of the two data sets because the flow was more uniform without the 
large scale circulation evident in the data of 9/23/93.

Summary

All of the data that were reviewed appear to be of high quality. The 
ADCP had sufficient signal, the pulse-to-pulse correlation coefficient was 
within acceptable bounds, and the ADCP reported no BIT errors during the 
data sets reviewed in detail.

The statistical error of the data is in good agreement with theoretically 
predicted statistical error for the channel geometry and flow velocities 
involved at the three sites (when the edge discharge estimates are neglected).

An important parameter in achieving these results was the extremely 
slow boat speeds that were used on many of the measurement runs. The 
average boat speed was 2 cm/sec for many of these channel transects. This 
allowed a sufficiently large number of individual data points to be gathered 
to bring the statistical errors down low enough so as not to dominate the very 
low velocities encountered at these sites. These discharge measurements are 
the lowest values ever achieved with such good statistical reproducibility.
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